Background: The use of molecular biology-based methods for species identification and establishing phylogenetic relationships has supplanted traditional methods relying on morphological characteristics. While PCR-based methods are now the commonly accepted gold standards for these types of analysis, relatively high costs, timeconsuming assay development or the need for a priori information about species-specific sequences constitute major limitations. In the present study, we explored the possibility to differentiate between 13 different species from the genus Drosophila via a molecular proteomic approach. Results: After establishing a simple protein extraction procedure and performing matrix-assisted laser desorption/ ionization (MALDI) mass spectrometry (MS) with intact proteins and peptides, we could show that most of the species investigated reproducibly yielded mass spectra that were adequate for species classification. Furthermore, a dendrogram generated by cluster analysis of total protein patterns agrees reasonably well with established phylogenetic relationships. Conclusion: Considering the intra-and interspecies similarities and differences between spectra obtained for specimens of closely related Drosophila species, we estimate that species typing of insects and possibly other multicellular organisms by intact protein profiling (IPP) can be established successfully for species that diverged from a common ancestor about 3 million years ago.
Background
Taxonomical classification of species on the basis of phenotypic differences and similarities has been performed since the days of Linnaeus. In more recent times, cladistics have come to the fore and, with the advent of molecular biology, started to increasingly supplant the use of morphological criteria for discrimination of phenotypically similar species or species of uncertain ancestry. In the last decades, DNA sequencing and PCR-based methods have been used increasingly to unlock the phylogenetic information hidden in the genomes of diverse organisms, leading also to the barcode of life initiative [1] [2] [3] [4] . However, there is no 'magic' standard assay in existence that can be used to identify any given species. Instead, for most species that are to be analyzed, sequence information has to be obtained first, based upon which a PCR assay may be established. Despite these constraints as well as significant setup and operating costs, PCR assays have become the gold standard for species typing and other applications, due to their specificity, reproducibility and sensitivity.
During the last decade, however, there has been an increasing number of reports in which proteomic instead of genomic data has been used to successfully discriminate between different microorganisms at the genus, species and sometimes even at the subspecies level [5] [6] [7] . In these studies, enabled by recent developments in mass spectrometry, microorganisms have been identified by a combination of MALDI time-of-flight (TOF) MS and an advanced statistical analysis. Furthermore, identification of microorganisms by MS has started to become a commonplace method, which is reflected by diverse companies providing dedicated hard-and software solutions as well as comprehensive databases of reference spectra for robust, automated data recording and analysis [8, 9] . Generally, cultured microorganisms are subjected to a simple, acid-based protein extraction, followed by mixing of the resulting sample with a suitable aromatic acid serving as a matrix (for review, see [10] ). Samples are spotted onto a target plate, and after proteins and peptides have co-crystallized with the matrix upon drying, spectra can be recorded directly from the precipitate by laser desorption ionization and time-of-flight MS. Detected masses (m/z values) are typically in the range of 1000 -20 000 Da, but strongly depending on the matrix, with sinapinic acid most frequently used in order to obtain an increased number and intensity of signals with m/z values ≥ 5000. Mass accuracy in the recorded range is generally high, allowing the detection of a single (nonisobaric) amino acid substitution within a protein. For determining the identity of an unknown species, it is necessary to record spectra from reference samples first. However, no further taxon-specific, a priori data are needed, as there is principally no need to establish the identities of the proteins in the peak pattern.
A complementary approach to this procedure is the peptide mass fingerprinting or shotgun mass mapping (SMM). Here, peptides obtained by tryptic digestion of the sample, which may be either a protein extract or a whole organism, are subjected to MALDI-MS analysis. Though a spectrum generated in this way will differ from an IPP spectrum by the smaller size of the observable peptides, m/z values normally ranging from 500 -5000, analysis and comparison of peak patterns obtained in this way are essentially performed in the same manner [11] . The use of SMM with its somewhat more laborious sample preparation may be justified in cases where gathering of additional sequence information and detection of specific proteins by MS/MS is desired, for which IPP is principally not suited. A general prerequisite for this approach, though, is the availability of a more or less complete genomic dataset for the respective species.
In summary, MALDI-MS possesses a number of potential advantages over other species typing methods, such as PCR or antibody-based approaches. Sample preparation is comparably simple and requires only little hands-on time. It does not rely on taxon-specific and cost-intensive consumables, does not require genetic information about the organisms that are being investigated and the straightforward workflow can easily be standardized and automated. Moreover, only short measurement times are required, and reference spectra for further species can be added to existing databases at any time. Mass spectrometric identification of microorganisms has been applied successfully in taxonomical research, but also in other settings, such as clinical, food, and environmental microbiology, and it has been tested for rapid distinction between highly pathogenic Bacillus anthracis and closely related, but less dangerous species [12] [13] [14] . Besides bacteria, MS has also been successfully used for the typing of cyanobacteria and dermatophytes of different genera and species [15] [16] [17] . We have recently adapted the methodology for the identification of eucaryotic algae from the genus Prototheca, and a sophisticated approach for distinguishing between metabolically competent species within a microbial consortium has been developed, where isotopically labeled salts ( 15 N-ammonium) or substrate ( 13 C-benzene) were used to generate species-and isotope-specific protein patterns, enabling the identification of the metabolically active species [18, 19] .
Some recent studies have already indicated the possibility to use MS-based methods for the discrimination of more complex, metazoan species such as insects. For example, mass fingerprints of neuropeptides from specimens of the insect order Mantophasmatodea revealed the potential of this approach to differentiate between different species [20] . More recently, a report has been published that showed that it is possible to detect single amino acid substitutions in orthologous neuropeptides from different Drosophila species by MALDI-TOF MS, while another study described the use of MS/MS to obtain sequence information from neuropeptides of about 60 different species from ancient insect taxa, and using the detected sequence variations for a preliminary correlation with established genealogy [21, 22] . These approaches, however, relied on previous organ preparation by dissection of the specimens, and inference of phylogenetic relations was dependent on determination of accurate amino acid sequences by tandem mass spectrometry.
The extensive number of examples clearly demonstrates the feasibility of MS for typing of organisms. However, to our knowledge, there has been no attempt to establish species identity of small metazoans based on total (extractable) protein content. Thus, the aim of this study was to provide a proof-of-principle that species discrimination employing intact protein profiling (IPP) by mass spectrometry can also be applied to intact specimens of a multicellular organism such as the fruit fly. For this purpose, protein extracts from whole, single specimens representing 13 different species of Drosophila were prepared, purified and subjected to IPP. The resulting mass spectra were processed and evaluated by principal component analysis (PCA) as well as cluster analysis which showed that most species could be discriminated from each other unambiguously by their peptide and protein patterns. Interestingly, evolutionary relationships between several of the fly species were reflected by these patterns, with flies having diverged more recently from a common ancestor yielding more similar spectra.
Methods

Chemicals
All chemicals and solvents used were of pro analysis quality and purchased from Sigma (Taufkirchen, Germany) or Merck (Darmstadt, Germany). High purity water was obtained by an Ultra Clear UV plus system from SG GmbH (Barsbüttel, Germany).
Culturing of Drosophila
Culture bottles containing 12 different Drosophila species as well as a larger number of D. melanogaster specimens stored in 70% ethanol were a gift from Gunter Reuter, Department of Developmental Genetics, Martin-Luther-University Halle-Wittenberg (Table 1 ). The flies were reared on standard medium at ambient temperature and periodically harvested by immobilizing them at -20°C for about 30 min before transferring them directly to 70% ethanol. Storage was carried out at ambient temperature; after several weeks, flies were transferred to -20°C for longer storage periods.
Protein extracts and tryptic digestion
Male and female flies from D. melanogaster in ethanol were sorted prior to sample preparation. For protein extraction, flies were transferred into reaction tubes and placed in a vacuum centrifuge for 30 to 60 min to remove residual liquid. Depending on fly size (D. yak., D. tei., D. ere. and D. nov. were classified as being relatively small), 50 or 70 μl of 6 M urea in 50 mM Tris/ HCl, pH 6.8 and approx. 50 or 70 mg of glass beads, respectively, were added to the tubes. Lysis was performed in a bead mill (TissueLyser II, Qiagen) for 2 × 15 min at 30 Hz at ambient temperature. After a short centrifugation, supernatants were recovered and subjected to two consecutive centrifugation steps at 14,000 rpm to remove insoluble debris. Proteins were purified from 10 μl of the supernatants by reversed phase chromatography using ZipTip C18 ® pipette tips (Millipore) according to the manufacturer's instructions, and stepwise elution was performed with 5 μl of 60% and 90% ACN containing 0.1% TFA. Corresponding eluates were pooled; protein concentrations were determined using the DC Protein Assay according to the manufacturer's instructions (Bio-Rad, Munich, Germany).
For peptide mass spectra, a protein extract was prepared from 3 male and 3 female D. mel. specimens in 100 mM ammonium bicarbonate (ABC) containing 8 M urea. 40 μl aliquots from the homogenate were left untreated (sample A) or subjected to acetone precipitation (sample B) or ZipTip C18 ® purification (stepwise, 4 × 10 μl; sample C), followed by vacuum drying. Both protein pellets were dissolved in 20 μl of the same buffer. Reduction and alkylation of the samples were carried out by addition of 1 μl 1 M DTT in 100 mM ABC (sample A: 2 μl) and incubation for 1 h at ambient temperature, followed by addition of 20 μl 200 mM iodoacetamide in 100 mM ABC (sample A: 40 μl) and another incubation for 1 h at ambient temperature. After addition of 4 μl 1 M DTT (sample A: 8 μl), samples were incubated for 1 h at ambient temperature. The samples were diluted with 60 μl (sample A: 120 μl) of 100 mM ABC, and 5 μl (sample A: 10 μl) 50 ng/μl trypsin in 100 mM ABC were added. Digests were carried out overnight at 37°C and stopped by addition of 1 μl (sample A: 2 μl) formic acid. Peptides were purified using ZipTip C18 ® pipette tips, but using solutions containing 0.1% formic acid instead of TFA. Eluted peptides were vacuum dried and stored at -20°C.
MALDI-TOF MS
One microliter aliquots of the protein solutions were spotted onto ground steel MALDI targets (Bruker Daltonics), and mixed with 1 μl sinapinic acid (SA) matrix directly on the target plate. The MALDI matrix solution was prepared as saturated SA in 50% acetonitrile (ACN)/ 0.1% trifluoroacetic acid (TFA). Samples were allowed to dry for several minutes before MALDI-TOF MS measurements were performed. IPP (intact protein profiling) spectra were obtained on an MALDI-TOF/TOF mass spectrometer (Ultraflex III™, using FlexControl software Vs. 3.0; Bruker Daltonics). The instrument was operated at pulse rates of 100 Hz; pulse ion extraction delay was set to 400 ns. Measurements were carried out in positive reflector mode using an acceleration voltage of 25.0 (ion source 1) and 21.85 (ion source 2) kV. Lens voltage was 9.5 kV, reflector voltages were 26.3 and 13.7 kV. Mass spectra were recorded in the m/z range between 
ESI MS/MS
For identification of proteins from D. mel., vacuumdried peptides (samples A, B and C) were resuspended in 20 μl 3% methanol containing 0.1% formic acid. Peptides from 8 μl of each sample were then separated by reversed phase nano-HPLC-chip technology (LC1100 series, Agilent Technologies, Paolo Alto, California; column: Zorbax 300SB-C 18 , 3.5 μm, 150 × 0.075 mm; eluent: 0.1% formic acid, 3-55% methanol; gradient: 90 min). The chip was online-coupled to a 3D ion trap mass spectrometer (MSD TRAP XCT mass spectrometer, Agilent Technologies) as described elsewhere [23] . Database searches were conducted using the MS/ MS ion search of Mascot against all Drosophila entries (and, as a control, all entries) of the non-redundant NCBI database with the following parameters: specific trypsin digestion, up to one missed cleavage; fixed and variable modifications: carbamidomethyl (Cys) and oxidation (Met), respectively; peptide and fragment tolerances: ± 1.2 Da and ± 0.8 Da, respectively, and peptide charges: +1, +2 and +3 [24] . Proteins were defined as unambiguously identified if in at least one of the three samples the Mowse score was higher than 100 and at least 2 different peptides (p < 0.05) could be assigned.
MALDI-MS peak detection and peak matrix generation
MALDI-MS spectra were analyzed using FlexAnalysis (Vs. 3.0, Bruker Daltonics). For the m/z ranges 1.8 to 3.5 kDa, 3.5 to 7.0 kDa and 7.0 to 15 kDa, peak detection of average peptide masses using the centroid algorithm was carried out separately, using optimized baseline correction (TopHat), Gaussian smoothing and detection (S/N between 1 and 1.5) parameters for the different parts of the spectra. From the MALDI-MS data files, peak lists were extracted as text files using the software UltraMassList [25] . Peak lists covering the full m/z range were assembled in Excel, and peak intensities normalized against the respective median value. From all 125 spectra, a peak matrix was generated using the software MS-Screener [26] . Peak binning was performed with a precision of 500 ppm, and the resulting matrix exported to a text file. Transposition of columns to rows (and vice versa) was performed using the corresponding function of the freely available software PAST [27] . For revisions of the peak matrix, described in the following section, the sorting and calculation functions of Excel were used.
Peak matrix analysis by clustering
From the raw peak matrix, rare peaks (less than 4 occurrences in total) were removed and a preliminary analysis was performed. Using PAST, pairwise spectra similarities using Dice (or Sørensen) coefficients were calculated according to D S = 2 M/(2 M+N), with M for the number of matching peaks and N for the total number of peaks being present in just one spectrum. This was followed by clustering using the unweighted pairgroup average method. Bootstrapping analysis with the number of replicates (N) set to 1000 was performed. Additionally, the Dice similarity matrix was transferred from PAST to Excel using copy and paste and saved as a text file. From this, a heatmap was obtained by opening the file in Framework and saving the graphical output [28] . Dendrograms were colored and assembled alongside their corresponding heatmaps using CorelDraw.
For stringent clustering, peaks were selected that were rated for their ability to distinguish between different species. First, the number of occurrences O Sp for any given peak was determined in every group of spectra from each species Sp. For species where more than eight spectra were present (e.g. X spectra), peak occurrence was normalized by a factor of 8/X (a maximal number of 8 for any peak indicating its presence in all spectra from the respective species). Peaks occurring less than 2.6 times in spectra from any given species were removed from the analysis. Then, two score values s1 and s2 for individual peaks were calculated for each species with s1 = 4 -|O sp -4| and s2 = 32 -|(O sp -8) 2 -32|; for both types of score, values of zero indicate peaks being present or absent in all spectra. Overall scores S1 and S2 for a given peak were calculated as the sum of individual scores s1 or s2 over all species. Using different cutoff values for the two types of score and testing the resulting datasets in cluster analysis, we were not able to determine the superiority of one method over the other, and therefore settled on a combination of both methods. Only peaks having scores of S1 < 5.0 and (S2) 0.5 < 6.5 were used for the final species-discriminating cluster analysis (208 different peaks in total). Dendrogram and heatmap were generated as described above.
Peak matrix analysis by principal components
For principal component analyses, the peak matrix was first converted into a binary matrix by substitution of intensity values with ones or zeros using PAST. In order to compensate to a small extent for the different peak numbers in different spectra, values were furthermore normalized by the Euclidean length of the row vectors (using the 'row normalize length' command), and principal component analysis was performed with the peak matrix containing all spectra as well as spectra from subsets of several species.
Results
A simple protein extraction protocol was established, using a bead mill for homogenizing fly specimens and the denaturing conditions of 6 M urea for efficient solubilization of proteins. Weight of vacuum-dried flies, depending on the considerable size differences between the respective species, varied between 0.3 and 1 mg (exact values were difficult to determine with our standard lab equipment), and extractable amount of protein was around 50 μg for a fly of average size. Performing purification from the homogenate by reversed phase chromatography (C 18 matrix) in a stepwise fashion while taking care to not exceed the column's binding capacity of approximately 5 μg, it was principally possible to recover more than 90% of the protein. Thus, about 100 μl eluate containing up to 50 μg protein could be obtained from one fly, with about 250 nl containing a sufficient amount of protein (i.e.~125 ng) to obtain several well-resolved MALDI-MS IPP spectra from one single sample spot on the target plate.
Using protein extracts prepared from 128 individual Drosophila specimens from 13 different species, 128 IPP spectra could be recorded via MALDI-MS. A large number of individual peptide and protein peaks was routinely detected in each spectrum. In the m/z range between 1.8 and 15 kDa, 168 to 390 peaks were found, with an average of 236 peaks/spectrum. Upon visual inspection, flies from the same species generally yielded similar spectra, but showed distinct patterns when compared to spectra from other species. A section of six exemplary spectra from two different Drosophila species is shown in Fig. 1 . Repeating of MALDI-MS measurements using the same protein preparation invariably yielded nearly identical spectra (as judged by visual inspection, data not shown).
An initial analysis of the peak patterns from the 128 spectra using hierarchical clustering turned up three Figure 1 Comparison of six MALDI-MS spectra, 3.3 to 4.6 kDa. The upper three spectra (red) were obtained with three different flies from D. ananassae, whereas the lower three (blue) were from different (female) D. melanogaster specimens. Peaks detected by FlexAnalysis are indicated for two representative spectra. Peaks highlighted in green were used for stringent species discrimination in the generation of the final dendrogram ( Fig. 4 ).
Feltens et al. BMC Evolutionary Biology 2010, 10:95 http://www.biomedcentral.com/1471-2148/10/95 spectra that did not show significant similarity to any other spectrum (D_ere_10, D_mau_4, D_mau_6). Cutoff criterion was a value of D S < 0.25; the remaining 125 spectra displayed a Dice similarity coefficient of 0.45 or larger to at least one of other spectra in the dataset. Therefore, these three spectra were excluded from the dataset for the following analyses.
An unbiased cluster analysis (i.e. without data preprocessing based on information about species affiliation) using the remaining 125 spectra yielded the dendrogram and the similarity matrix shown in Fig. 2 . For comparison, a schematic representation of established phylogenetic relationships is outlined in the upper part of the same figure, black lines indicating congruence with the dendrogram from the cluster analysis. For generation of the schematic tree, taxonomic data was retrieved from Flybase and The Database on Taxonomy of Drosophilidae [29, 30] . The spectra from eight species (D. nov., D. vir., D. hyd., D. ere., D. mel., D. yak. and D. ana.) were united in a single cluster each, allowing unambiguous differentiation of the respective species from all other species present. The two species D. po. and D. mir. could clearly be separated from all other species, however, complete distinction between spectra from these two species was not achieved. One spectrum from D. fun. clustered together with all spectra from D. lum., thus precluding complete discrimination of these two species from each other. Furthermore, two of the ten spectra obtained for D. tei. were assigned to a cluster containing several spectra from D. mau., allowing for the unequivocal distinction of this species from all other species except for D. mau. D. mau. was the species which showed the strongest spectral heterogeneity, even after removal of the two spectra that, together with one spectrum from D. ere., were deemed unsuitable for analysis due to their high dissimilarity to any other spectrum in the dataset. This heterogeneity is reflected by an average D S of 0.43 within this group of spectra, whereas D s within groups of spectra from other species (excluding the two spectra from D. tei. and the one from D. fun. that were assigned to the clusters of different species) are between 0.49 (D. yak.) and 0.63 (D. vir.; median D s over all species without D. mau.: 0.52). Visually, this low degree of similarity can be inspected in the heatmap representation of the D S values; the region corresponding to the pairwise similarity coefficients of D. mau. spectra has been outlined by a white square.
Results from a principal component analysis of all 125 spectra are shown in Fig. 3A . Upon visual inspection of the scatter plot, straightforward discrimination between the subgenera Drosophila (c; five groups outlined in the range from -0.1 to -0.5 and 0.15 to -0.3, components 1 and 2, respectively) and Sophophora is possible, and within the Sophophora group, between the species groups melanogaster (d; 6 species, positive values for component 1) and obscura (b; two species, high in the upper left quadrant). Using only spectra from the subgenus Drosophila, discrimination between the more closely related species D. hyd., D. nov. and D. vir. could be achieved ( Fig. 3C ; magenta, blue and light blue 95% concentration ellipses, respectively); and discrimination between D. ere., D. mel. and D. ana. (Fig. 3D ; red, black and yellow 95% concentration ellipses, respectively) was likewise possible when only spectra from the respective melanogaster species group where used for the analysis. However, complete distinction between the two species D. po. and D. mir. from the obscura species group was not possible; the two dotted, almost touching ellipses outlining the regions of the corresponding spectra represent 50% concentration values (corresponding to a σ of just 1.2; Fig. 3B ). Likewise, for further discrimination between closely related species, the presence of other spectra proved to be detrimental in this type of analysis.
We tried to achieve a more stringent separation of the different Drosophila species by selecting peaks that showed a species-specific occurrence or absence. For this, peaks were selected that were either present in or absent from all, or at least most, spectra of a given species, and which showed this discriminating behavior for all different species under investigation. Mathematically, for any given species an individual (best) score value of zero was assigned whenever the peak occurred in all spectra or in no spectrum, and the total score for the respective peak was calculated as the sum of these individual scores over all species. Conversely, the highest (worst) species-specific scores were assigned/obtained whenever a peak occurred in 50% of spectra (s1(O sp = 4.0)) or 30% of spectra (s2(O sp = 2.3)) for a given species. While the scoring value s1 assigns a linearly changing value for intermediate occurrences, the scoring value s2 assumes a nonlinear significance, rating a peak occurring, for example, in 70% of the spectra to be a potentially better discriminator than a peak being absent from 70% of the spectra (s2 = 5.8 vs. 31.4, respectively). Selecting approximately 200 peaks using a combination of both scoring parameters, we were able to establish a good discrimination between most Drosophila species (Fig. 4) . While generally repeating the results from the unbiased clustering, complete separation between D. po. and D. mir., as well as between male and female D. mel., was now achieved. However, two spectra from D. tei. still clustered with the somewhat heterogeneous group of spectra from D. mau., and still one spectrum from D. fun. did not group together with all other spectra from the same species. Instead, it continued to display some similarity to the group of spectra from D. lum., though now appearing as an outlier. In an attempt to identify some of the proteins present in the purified Drosophila extracts used for obtaining the MALDI mass spectra, nano-high-performance liquid chromatography (nano-HPLC) electrospray ionization (ESI) tandem mass spectrometry (MS/MS) was performed using tryptic digests of total protein preparations from D. mel. From the three different samples, a total of eighteen proteins could be identified unambiguously (sample A: 15, sample B: 11, sample C: 9; most proteins were found in more than one sample), the majority stemming from muscle tissue (myosin heavy chain, regulatory light chain, troponin T, tropomyosin 1 & 2, actin and flightin) and from mitochondria (ATP sythase subunits alpha & beta, voltage dependent anion channel). Two proteins from the glycolysis pathway (fructosebisphosphate aldolase and glyceraldehyde-3-phosphate dehydrogenase 1), drosocrystallin, retinin, cuticular protein 49Ae, lethal (1), neuropeptide-like 2 and ejaculatory bulb-specific protein 2 were identified as well. As a control, we performed a search against the complete NCBI non-redundant database using the same identification criteria. The same set of Drosophila proteins was identified, whereas no additional hits indicating the presence of proteins from other species (bacteria, plants, fungi) in the sample were obtained.
Discussion
Insects stored in 70% ethanol were used in this study. These conditions largely ensure protein insolubility and thus minimal loss in the case of damaged samples [31, 32] . Furthermore, as they constitute a simple and inexpensive standard method for sterile short-and longtime storage of arthropod specimens and have proved to be compatible with downstream mass spectrometry Figure 3 Scatterplots from unbiased PCAs using 125 spectra from flies of 13 different species. Species-specific color-coding corresponds to that shown in Fig. 2 . Spectra belonging to one species are outlined by a convex shape or an ellipse. A: PCA containing all spectra, with 95% concentration ellipses for three subgenera/species groups. B: PCA using only spectra from D. pseudoobscura and D. miranda, with 50% concentration ellipses. C: PCA performed with spectra from the subgenus Drosophila but without D. pseudoobscura and D. miranda, with 95% concentration ellipses. D: PCA of the spectra from the subgenus Sophophora, with 95% concentration ellipses. [33] . With the now common occurrence of morphologically very similar invading and endemic Culicoides species, a high throughput-compatible method is needed for quick and reliable discrimination between different species. In this context, DNA-based identification methods for insects and possibly also virus may be complemented and, at a later stage, even replaced by the more inexpensive typing via MALDI-MS. Of note, the nucleic acid extraction protocol includes a lysis step based on the chaotropic properties of a guanidinium salt, which we found to be completely compatible with our protein extraction and purification method (see below) when substituting this salt for urea. Therefore, it should be possible to establish and compare DNA-and protein-based species typing methods in parallel, using extracts from the same specimens.
After extraction of peak tables from the recorded spectra and assigning their m/z values to a matrix, pairwise spectra similarities were calculated using the Dice algorithm. This method was selected because with an average of about 230 peaks/spectrum and a total of more than 2300 different peaks in the matrix, for any given spectrum more than 90% of the fields in the matrix contained a zero, indicating the absence of the respective peak. As common absences are disregarded when calculating the Dice coefficient, assignment of high similarities to spectra on the basis of peak absences is prevented. Furthermore, the Dice coefficient puts more weight on joint occurrences than on disparities, somewhat compensating for the higher probability of a limited number of randomly distributed peaks within a matrix containing a majority of empty cells (i.e. containing zeros) to generate mismatches than to display common occurrences between any two spectra. One possible weakness of the algorithm is that it does not take into account the peak intensities, but transforms the data into a binary (absence-presence) format instead. This might have resulted in an undervaluation of prominent peaks which represent more abundant proteins with an inherently more reliable appearance within the spectra. However, since the algorithm for calculation of the Czekanowski index as the parameter for quantitative analysis was not an integral part of our software tools, we were not able to address this concern.
Using Dice coefficients and without incorporating any a priori knowledge about species affiliation, we carried out a clustering analysis of the 125 spectra. Separation at the species level or, for D. po. and D. mir., at least at the level of the species subgroup, was achieved for most of the spectra. However, the spectra from D. mau. clustered into two related but separate groups, one of which comprised also two spectra from D. tei. This fact is indicative of significant spectral heterogeneity within this species. Furthermore, results from the bootstrap analysis indicate that the positions of the top nodes of these two groups with probability values of 41 and 47% are much less conclusive than those for most other species that are usually in the range of 95 to 100%. Since bootstrapping is based on repeated analyses with an informationreduced dataset, we suspect that this somewhat erratic behavior reflects a strong dependence on a very limited number of species-specific peaks. The spectral heterogeneity is also visible in the heatmap representation of the similarity coefficients, where the region corresponding to pairwise comparisons of the spectra from D. mau., outlined by the white square, is less distinctly defined and its colors closer to those of background values than corresponding square regions representing the clusters of other species.
Using principal component analysis (PCA) as a different, independent method to evaluate the peak matrix, we found that distinction between different subgenera, species groups and also individual species was principally possible. PCA surmises the existence of correlated variables (i.e. peaks), and tries to reduce the complexity of the dataset by substituting them by a limited number of components. However, the analysis yielded 19 principal components with Eigenvalues > 1 (Kaiser criterion); and 14 principal components are still needed to explain just 50% of the data variance (data not shown). Thus, it is not surprising that in a graphical representation based on only two components, albeit with the largest Eigenvalues (accounting for 9.2% + 7.2% = 16.5% of total variance), complete distinction of all species was not possible (Fig. 3A) . Reduced datasets containing less species and using the two strongest principal components in each case, however, allowed for an increasingly better separation of spectra from different species (Fig. 3C and  3D ). Actually, when using peak matrices of spectra from only two species, complete pairwise separation by PCA as judged by non-overlapping 95% concentration ellipses (area defined by axes lengths of 2.4 times standard deviation) in the scatterplots was possible for most species (data not shown). One notable exception was the incomplete separation of D. po. and D. mir. seen in Fig.  3B . Here, the ellipses were calculated using a relaxed criterion, outlining an area of just 50% probability. Another exception was the incomplete discrimination of male and female D. mel. (not shown). Pairwise distinction between D. tei. and D. yak. or D. mel. and between D. fun. and D. lum. by non-overlapping concentration ellipses was possible only when either the spectra D_tei_2, D_tei_3 and D_fun_5, whose correct assignment had already proved to be problematic in the cluster analysis, were excluded from the PCA or the distinction criterion was relaxed to 90% probability. Concentration ellipses containing 95% of spectra from D. mau. showed a minor overlap (which was not observed at the 90% level) with the corresponding ellipses of D. ere. and D. mel., possibly again owing to their spectral diversity (not shown). Of note, grouping of D. ana. with the other species from the melanogaster species group and clustering of D. fun. and D. hyd. within the Drosophila subgenus is much better supported by PCA (Fig. 3A , and scatterplots including principal component 3, not shown) than it is in the cluster analysis, where group similarities are only around 0.2 and the locations of the respective nodes are supported with only 48% to 62% probability by bootstrapping analysis.
In summary, principal component analysis can be used to discriminate between different species with results comparable to those achieved by cluster analysis. One limitation of PCA is that the number of different species that can be separated in one analytical run should not be larger than two, since an increasing complexity of the dataset is not compatible with reduction to and graphical representation by only two principal components. Broader relationships between different species groups and subgenera may be established consecutively by a successive increase in the number of species and iterated analysis of the dataset. However, in order to avoid the cumbersomeness of this approach, we decided to rely on cluster analysis for further data evaluation.
Next, we investigated if it would be possible to identify species-specific peaks that might be used for direct and unambiguous discrimination of the corresponding species from all other species. We searched the peak matrix and found that this approach yielded specific m/z values for only six of the 13 species. Signals with m/z values of 2657.8, 7361.5 and 7625.6 Da were reliable markers for D. ana., m/z values of 6635.0 and 10972.2 Da were specific for D. ere., m/z values of 11600.9, 11770.8 and 11786.5 specific for D. vir., and D. hyd., D. nov. and D. yak. showed one specific peak each at 10097.1, 4556.5, or 11265.7 Da, respectively. 35 additional, species-specific peptides could be assigned to these and three more species (D. mau., D. fun. and D. tei.), but these were found only between 50% and 90% of the time in the recorded spectra, making them less reliable markers. For the remaining four species, no specific peptides occurring in at least 50% of the spectra were found. Expanding our search for discriminating peaks, we identified and incorporated 29 additional peptides that appeared at least 50% of the time in more than one (but not all) species. However, using all 75 peaks selected so far, complete discrimination between all thirteen species could still not be achieved, as five spectra clustered together with spectra from different species, and separation of the spectra from D. mir. and D. po. was also not possible.
Not satisfied with this result, we decided to pursue a less straightforward approach and to identify peptides essential for species discrimination by assigning score values to all of the more than 2000 different peaks in the dataset. This time, we also tried to achieve separation between male and female D. mel. specimens by formally treating those as two different species. As the dataset was now reduced to about 200 different peaks (see additional file 1), bootstrapping support for the location of parent nodes was slightly decreased for some species in the cluster analysis ( Fig. 4) . Especially parent nodes for D. tei. and D. fun. showed reductions in probability from 100% down to 84% and 87%, respectively. This effect can probably be attributed to the three nonconforming spectra D_tei_2, D_tei_3 and D_fun_5 being present during score assignment, causing the removal of otherwise species-specific peaks. Phylogenetic relationships observed in the initial cluster analysis were only partially retained in the new dendrogram. The obscura species group and D. ana. apparently switched positions, the former now clustering correctly within the Sophophora subgenus, the latter, however, now appearing as an outlier within the Drosophila subgenus and D. hyd. now showing a somewhat higher similarity to D. fun. than to the cluster of the other species from the virilisrepleta radiation.
On the other hand, due to selection of species-specific peaks for cluster analysis, intra-species similarity values were generally improved and similarity differences between groups of different species more pronounced, an effect that can be seen clearly when comparing the dendrograms from Fig. 2 and Fig. 4 and which is also reflected by the enhanced color contrast between intraspecies and inter-species similarity fields in the new heatmap. Complete separation between D. mir. and D. po. and between male and female flies from D. mel. was now achieved as well, albeit with the relatively low reliability indicated by the bootstrapping scores. Spectra from D. lum. clustered more homogenously, while the aberrant spectrum D_fun_5 was relegated to an outlier position. Clustering for D. mau. was also improved; all spectra now merging in the same tree, even though the two aberrant spectra from D. tei. were still present. Similarity values and bootstrapping results, however, still indicate significant heterogeneity with only a limited number of common, discriminating peaks in the spectra from this species, a fact that is also reflected by the coloring of the corresponding region in the heatmap representation of the pairwise D S values (white square in Fig. 4 ). The reason for this spectral heterogeneity remains unknown, since an endemic (i.e. island-confined) species like D. mau. is generally not highly polymorphic [34, 35] . However, previous investigations of D. mau. have found an unexpectedly high degree of polymorphism in several genes [36] . Since not much is known about the identities of the observed peaks in the mass spectra, it may also be possible that the corresponding peptides constitute a subset of the proteome that may have been subject to selection pressures, such as sexual selection or particular immunological challenges, which favored the emergence of polymorphisms at an unexpectedly high level [37] [38] [39] [40] . In order to confirm such a possibility, though, comprehensive genetic analyses will have to be performed.
Most peaks detected and used for comparing the different species have m/z values of less than 10 kDa and thus actually represent a part of the peptidome rather than the proteome [41] . The full complement of proteins cannot be detected by MALDI-MS, due to several reasons. For once, the use of chaotropic agents such as urea in the extraction buffer does not guarantee complete solubilisation of all proteins present; especially for insects, it has been shown that proteins such as chitinbinding class 4 proteins can be resistant to extraction by conventional means [42, 43] . Owing to the selectivity of the ionization process and, similar important, to the limits of current ion detectors, MALDI-MS itself strongly favors proteins and peptides smaller than 20 kDa, with some dependence upon the matrix being used [44] . Furthermore, the method possesses a limited sensitivity, the dynamic range for protein detection covering about 2 to 3 orders of magnitude. As the range of cellular protein expression is postulated to span more than 6 orders of magnitude, only the most abundant proteins will be detected [45] . There is a multitude of known and postulated peptides and smaller proteins that may be responsible for the peak patterns observed in our spectra, such as cytoplasmic and mitochondrial ribosomal proteins (for D. mel., there are 26 with predicted sizes between 10 and 15 kDa and 11 more smaller ones) and several nucleic acid binding proteins [46] [47] [48] . Such small peptides are well suited for both reversed phase chromatography and MALDI-MS, and they have been used for diverse analytical and diagnostic purposes [49] . Furthermore, multiple families of bioactive peptides with antimicrobial, immunomodulatory or hormone-like activities have been discovered in Drosophila and other insects, ranging in size from less than 1 kDa to more than 20 kDa, which may account for a substantial number of the peaks observed in our IPP spectra [50] [51] [52] .
As there is always the possibility that the collection of endogenous peptides and smaller proteins becomes dominated by a variable number of breakdown products from larger proteins, especially in the case of less well preserved specimens, peak patterns may become irreproducible. Thus, in some instances, it may be preferable to rely on larger, abundantly expressed proteins as biomarkers for species identification, which after (optional) removal of the peptide fraction can be fragmented by tryptic proteolysis to generate MALDI-MS compatible peptides for a specific and possibly more reproducible SMM spectrum [53, 54] . Possible candidate proteins for this type of analysis with molecular weights ranging from 20 (flightin) up to more than 200 kDa (myosin heavy chain) are the muscle-specific and mitochondrial proteins that we have detected using ESI MS/MS. Some proteins with masses below 20 kDa were also identified in the MS/MS shotgun approach, but their predicted masses could not be assigned to specific peaks in the IPP spectra obtained by MALDI-MS. One notable exception was the ejaculatory bulb-specific protein (PEB) 2 [GenBank NM_079142], which is postulated to be expressed in the male reproductive tract as part of the seminal fluid, but in contrast to the larger PEB 1, has not been observed before at the protein level [55] . Its theoretical molecular weight of 4977.6 Da (average mass, protonated, mature peptide without signal sequence) fits very well to the average m/z of 4977.7 Da of a peak found in spectra of specimens from D. mel. As the peak is present in all spectra from male flies but missing in spectra from female flies, this correspondence seems to confirm the peaks' identity ( Fig. 5 ).
Differentiation of spectra from D. po. and D. mir. proved to be most challenging in our study, which can probably be accounted for by the fact that these two Figure 5 Putative PEB2 from D. melanogaster at 4977.7 Da. Ten spectra shown in green were obtained from male specimens, red spectra derived from 10 female flies. species with an evolutionary distance of less than 2 Mio years represented the most closely related ones in our dataset [56] . On the other hand, evolutionary distances of about 3 to 4 Mio years, as they have been established for D. mau. vs. D. mel. and D. tei. vs. D. yak., seem to have led to a sufficient accumulation/number of alterations in the peptide expression patterns to allow for differentiation between related species [56, 57, 36] .
Conclusion
In multiple previous studies, the suitability of mass spectrometry for analyzing phylogenetic relationships between different species of microorganisms has been firmly established (see references given above). Furthermore, there have been several reports of using peptide and protein masses, sometimes in conjunction with chromatographic retention times, for the classification of venoms from scorpions, large spiders and snakes [58] [59] [60] [61] [62] [63] [64] [65] [66] . Recently, two reports have been published that demonstrated the possibility of detecting single amino acid substitutions in neuropeptides via MALDI-MS as well as their usefulness for phylogenetic analyses of insects [21, 22] . These approaches, however, relied on organ preparation by dissection of the specimens and the establishing of amino acid sequence information by tandem mass spectrometry for construction of a cladogram. This procedure is time-consuming, requires expertise and is basically not practical when analyzing small insects or when analyses have to be performed in a high-throughput format.
Here, we attempted to establish species identity of small metazoans based on total (extractable) protein content using a simple protein extraction procedure. We have demonstrated for the first time that it is feasible to generate reproducible and well-resolved IPP spectra from whole insects via MALDI-TOF mass spectrometry. Furthermore, we have shown that these spectra can be used to differentiate between different species from the same genus, as long as these species are not too closely related. This straightforward approach with its potential for automation and adaptation for high throughput applications may be of interest in all cases where morphological differences are difficult to determine and the experience of a professional taxonomist is presently needed for species identification.
Additional file 1: Peak. Formatted tables containing peaks from the 125 IPP MALDI-MS spectra as detected by FlexAnalysis and binned using the software MS-Screener. The first worksheet contains all peaks except for those occurring less than three times; the following worksheets show the successive processing as outlined under Methods. The two worksheets labeled with the identifier 'Exported' contain the datasets used for generation of heatmaps and dendrograms shown in Fig. 2 and Fig. 4 .
Abbreviations MALDI: matrix-assisted laser desorption ionization; ESI: electrospray ionization; TOF: time-of-flight; MS: mass spectrometry; MS/MS: tandem mass spectrometry; IPP: intact protein profiling; PCA: principal component analysis; SMM: shotgun mass mapping
